In vitro formation of reduced nicotinamide adenine dinucleotide phosphate (NADPH)-nitrate reductase (NADPH: nitrate oxido-reductase, EC 1.6.6.2) has been attained by using extracts of the nitrate reductase mutant of Neurospora crassa, nit-i, and extracts of either photosynthetically or heterotrophically grown Rhodospirillum rubrum, which contribute the constitutive component. The in vitro formation of NADPH-nitrate reductase is characterized by the conversion of the flavin adenine dinucleotide (FAD) stimulated NADPH-cytochrome c reductase, contributed by the N. crassa nit-i extract from a slower sedimenting form (4.5S) to a faster sedimenting form' (7.8S). The 7.8S NADPH-cytochrome c reductase peak coincides in sucrose density gradient profiles with the NADPHnitrate reductase, FADH2-nitrate reductase and reduced methyl viologen (MVH)-nitrate reductase activities which are also formed in vitro. The constitutive component from R. rubrum is soluble (both in heterotrophically and photosynthetically grown cells), is stimulated by the addition of 10-' M Na2MoO4 and 10-2 M NaNO3 to cell-free preparations, and has variable activity over the pH range from 3.0 to 9.5. The activity of the constitutive component in some extracts showed a threefold stimulation when the pH was lowered from 6.5 to 4.0. The constitutive activity appears to be associated with a large molecular weight component which sediments as a single peak in sucrose density gradients. However, the constitutive component from R. rubrum is dialyzable and is insensitive to trypsin and protease. These results demonstrate that R. rubrum contains the constitutive component and suggests that it is a low molecular weight, trypsin-and protease-insensitive factor which participates in the in vitro formation of NADPH nitrate reductase.
tase activity contributed by the nit-i extract combines with the constitutive component present in uninduced extracts of wild-type N. crassa to form NADPH-nitrate reductase which is essentially identical to the wild-type enzyme (14) . This in vitro assembly of NADPH-nitrate reductase has also been used as an assay to demonstrate the presence of the constitutive component in molybdenum-containing enzymes (8, 16) . Acid-treated preparations of purified xanthine-oxidizing enzymes, aldehydeoxidyzing enzymes, nitrogenase, sulfite oxidase, and nitrate reductase are active in the in vitro formation of NADPH-nitrate reductase when mixed with extracts of nitrate-induced N. crassa, nit-i (8, 16) . A similar approach has been used to demonstrate that extracts of wildtype Escherichia coli contain the constitutive component (11, 16) . These data support the hypothesis that the constitutive component contains molybdenum and is common to all molybdenum-containing enzymes (8, 16) . However, no biochemical evidence has been reported which directly implicates the involvement of a low molecular weight cofactor (23) in the in vitro formation of NADPH-nitrate reductase.
Preliminary investigations in our laboratory demonstrated that a soluble form of the constitutive component, which is active in the in vitro formation of NADPH-nitrate reductase, is present in relatively high concentrations in extracts of Rhodospirillum rubrum. This investigation reports the partial characterization of the constitutive component isolated from R. rubrum and presents biochemical evidence which suggests that the constitutive component is a low-molecular-weight factor.
MATERIALS AND METHODS
Cultures and growth. R. rubrum strains S1 and ATCC 9791 were grown on the malate, glutamate, ammonium chloride medium of Ormerod et al. (22) . Cells were grown heterotrophically in Fernbach flasks shaken on a New Brunswick rotary shaker at room temperature or photosynthetically at 30 C in 1-liter screw-cap bottles which were illuminated by a 100-W tungsten bulb. Cultures were normally harvested in the late exponential or stationary phase of growth and washed in 0.02 M phosphate (Na2HPOSNaH2PO4) buffer, pH 6.5. N. crassa, nit-i, was grown in Fries basal medium containing ammonium chloride and then induced for 3 h at pH 4.5 (9) in medium containing 0.69% (wt/vol) NaNO3 as the sole nitrogen source.
Purification of the constitutive component from R. rubrum. Washed R. rubrum cells were suspended in a ratio of 1 g (wet weight) to 3 ml in 0.02 M phosphate (Na2HPO0/NaH2PO4) buffer, pH 6.5, containing (unless otherwise stated) 10-2 M NaNO3, M Na2MoO4, and broken in a French pressure cell at 20,000 psi. The supernatant fluid resulting from centrifugation of the broken cell suspension at 20,000 x g for 20 min was designated as the crude extract. Centrifugation of the crude extract at 144,000 x g for 1 h yielded the high-speed supematant fraction containing the constitutive activity which was stable at -20 C for up to 2 months. Protamine sulfate (2.5% wt/vol) was added with stirring in a ratio of 1 volume to 6 volumes of the high-speed supernatant fraction. The resulting precipitate was removed by centrifugation at 20,000 x g for 20 min. Protein was determined by the modified Folin-Lowry procedure (10). Bacteriochlorophyll (BChl) concentration was determined spectrophotometrically after extraction with acetone: methanol (7:2 vol/vol) and calculated by using the specific absorbancy reported by Clayton (2) .
Preparation of cell-free extracts of N. crassa, nit-i. Cell-free extracts of N. crassa, nit-i were prepared in 0.1 M phosphate (Na2HPO0NaH2POI)
buffer, pH 7.3, 5 x 10-3 M ethylenediaminetetraacetic acid (EDTA), 1% (wt/vol) NaCl by the method previously described (14) . The complementing activity in extracts of N. crassa, nit-i lost 48% of its activity during storage at -20 C for 54 days when prepared in the above buffer. At +4 C the same complementing activity had a half-life of 24 h. Preparations of nit-i used in certain experiments were purified further, by ultracentrifugation at 175,000 x g for 1 h followed by concentration using ammonium sulfate fractionation (14) . I The protein concentration in the 20,000 x g supernatant fluid of the R. rubrum extracts was 24.8 and 29.3 mg per ml, respectively. The pellets were resuspended in 1 ml of buffer. Between 0.02 and 0.10 ml of each fraction was used in the determination of the constitutive component.
phyll, were sedimented in the pellet. This ultracentrifugation step resulted in a 1.8-fold purification of the constitutive component. Similar results were obtained for the heterotrophically grown cells during 1-h centrifugation at 144,000 x g and resulted in a 2.4-fold increase in the specific activity of the constitutive component in the high-speed supernatant fluid. The extracts used for the data presented in Table 1 were prepared in 0.02 M (Na2HPO4/ NaH2PO4) buffer, pH 6.5, without added molybdenum and nitrate. This preparation procedure resulted in specific activities which are significantly lower than those reported in Table  3 . Extracts of R. rubrum did not contain any NADPH-nitrate reductase, FADH2-nitrate reductase, MVH-nitrate reductase, or NADPHnitrite reductase. Furthermore, measurable levels of nitrite were not detected in extracts of R. rubrum even after the extracts were heated in a boiling-water bath for 10 min. R. rubrum strain ATCC 9791 was also shown to contain the constitutive component demonstrating that this property of R. rubrum is not strain specific. The remainder of the experiments reported here are on preparations of R. rubrum strain S,.
During the in vitro formation of NADPHnitrate reductase using extracts of R. rubrum and nitrate-induced nit-I, both FADH2-and MVH-nitrate reductase were formed. These three nitrate reductase activities cosedimented in a single peak in the sucrose density gradient (Fig. i ) with sa2. , equal to 7.8S. The NADPH-(FAD)-cytochrome c reductase contributed from the nit-I extract appears in two peaks: the 7.8S peak which coincides with the profile of the three nitrate reductase activities and a slower sedimenting 4.5S peak which is the activity from nit-i (14) which did not participate in the NADPH-nitrate reductase formation reaction. The sucrose density gradient profile for this NADPH-nitrate reductase formed in vitro ( Fig.  1 ) is identical to those profiles observed for the wild-type N. crassa NADPH-nitrate reductase (14) and for the other previously reported NADPH-nitrate reductases formed in vitro (8, 14) except for the ratio of associated activities. The apparent Km values for the partially purified preparation of NADPH-nitrate reductase formed in vitro by using extracts of R. rubrum and nit-i were determined for NADPH, FAD, and nitrate by the procedures of Garrett and Nason (5) , and were shown to be 6.7 x 10-5 M, 8 .8 x 10-8 M, and 5.3 x 10-4 M, respectively. These Km values are similar to those reported for the wild-type N. crassa enzyme (5) .
The constitutive -component in both whole 18 h. cells and cell-free extracts of R. rubrum was stable at -20 C for up to 2 months; however, thawing and refreezing markedly decreased the effective time of storage. When nitrate and molybdenum were added to the R. rubrum extract, the activity of the constitutive component increased with time of storage at -20 C ( Table 2 ). The constitutive activity in cell-free extracts of heterotrophically grown cells ruptured in 0.02 M buffer (Na2HPOSNaH2POj, pH 6.5, was stimulated 3.4-fold by the addition of 1Q-2 M NaNO, and 10-4 M Na2MoO, when stored at -20 C for 18 and 42 h. When molybdenum and nitrate were added together, the stimulation was more than the sum of the stimulation observed when identical concentrations of these compounds were added separately. The variation in the units of constitutive activity per milliliter of the control sample (Table 2) may be due to variations in the complementing activity of the nitrate-induced nit-i extract used in the assay. Molybdenum and nitrate do not stimulate the in vitro formation of NADPH-nitrate reductase when they are added directly to extracts of nit-i. When the pH of the R. rubrum extract was lowered from an initial pH of 6.7 to 5.7, there was a twofold increase in the constitutive activity (Table 2) . At pH 5.7 the constitutive activity was not affected by the addition of 10-2 M NaNO3 and 10-i M Na2MoO4. The explanation of the differential effect of NaNO3 and Na2MoO4 at these different pH is not apparent at this time; however, the data does suggest that nitrate and molybdenum together exert a specific chemical effect on the constitutive component at or near neutral pH.
When crude extracts of R. rubrum were adjusted to various pH (Fig. 2) , the constitutive component was active over the pH range from 3.0 to 9.0. No activity was observed below pH 2.5. R. rubrum was stable at pH between 4.5 and 5.5 for several weeks at -20 C and for 24 h at +4 C. The stimulation of the constitutive activity between pH 4.0 and 5.0 varied from preparation to preparation and therefore two experiments are shown.
Crude extracts lost 50% of their constitutive activity when heated at +44 C for 5 min (Fig.  3) . The activity lost during heating was not recoverable by acid treatment. In sucrose density gradients, the constitutive activity isolated from photosynthetically grown and heterotrophically grown (not shown) R. rubrum cells sediments in a single peak (Fig. 4) of R. rubrum, the amount of NADPH-nitrate reductase formed was reduced 95% when compared to a control without trypsin. Therefore, the sensitivity of the nit-I preparation to trypsin (23,000 daltons) represents an internal experimental control for the permeability of the dialysis membrane. Dialysis experiments were also performed by using protease (Fig. 6) . When protease was added to the R. rubrum extract (outside) in final concentrations of 0.33 and 0.66 mg/ml, the amount of NADPH-nitrate reductase formed inside the dialysis sac containing nit-i was not greatly increased over the control after 120 min of dialysis. After 120 min, the amount of trichloroacetic acid-soluble protein was increased by 0, 22, and 23.8% of the zero time control, respectively, in experiments A, B, and C. When 0.01 mg of protease was added to 1 ml of the nit-i extract, which in turn was immediately used for the in vitro formation of NADPH-nitrate reductase with samples of a R. rubrum extract, there was a 50% reduction in the amount of NADPH-nitrate reductase formed when compared to a control without protease. Neither nitrite nor the constitutive component was detected inside the dialysis sac during 1 h of dialysis of extracts of R. rubrum against buffer in place of the nit-i extract. Similarly, when extracts of nit-i were dialyzed for 1 h against buffer, no nitrite was detected and no NADPH-nitrate reductase was formed inside the dialysis sac. DISCUSSION Extracts of R. rubrum contain the constitutive component which reacts in vitro with the nitrate reductase mutant of N. crassa, nit-i to form NADPH-nitrate reductase which is essentially identical to the N. crassa wild-type enzyme. The constitutive component is present in both photosynthetically grown and heterotrophically grown cells, is soluble after centrifugation at 144,000 x g for 1 h, and is heat sensitive.
The physiological role of the constitutive component in R. rubrum is not known. Contrary to previous reports (6, 7, 25) , we have been unable to grow R. rubrum on nitrate as the sole nitrogen source or to demonstrate nitrate-reductase activity in cell-free extracts of R. rubrum. Moreover, extracts of R. rubrum grown on glutamate and ammonium chloride do not contain xanthine oxidase, xanthine dehydrogenase, or sulfite oxidase. It is unlikely that these extracts contain nitrogenase since the above conditions of growth (ammonia and glutamate) are known to repress the synthesis of the nitrogenase which is present in R. rubrum (1, 13) ; however, the constitutive component may be a precursor for the synthesis of nitrogenase in R. rubrum. The above molybdenum-containing enzymes can contribute the constitutive component to the in vitro formation of NADPHnitrate reductase (8, 16) after they are acid treated to a pH below 2.6. Acid treatment is known to dissociate multimeric enzymes into their protein subunits (3, 17) . Since the R. rubrum extracts did not contain measurable amounts of xanthine oxidase, xanthine dehydrogenase, or sulfite oxidase and since acid treatment was not a prerequisite for the observation of the constitutive activity in extracts of R. rubrum, the constitutive component in R. rubrum exists as an entity which is independent of these molybdenum-containing enzymes.
Purification of the constitutive component has been difficult due to its instability in dilute solutions and due to its inactivation after treatments with ammonium sulfate, acetone, or trichloroacetic acid. Nevertheless, the specific activities of the partially purified constitutive component from R. rubrum approach the reported values (487 U per mg of protein) for the same activity in acid-treated preparations of purified xanthine oxidase (8) . Experiments are currently in progress to purify further the constitutive component from R. rubrum.
The constitutive component is presumed to contain molybdenum. This hypothesis is supported by the observation (8, 16) 6 . Dialysis of nitrate-induced N. crassa, nit-i extracts against protease-treated extracts of R. rubrum. Crude extracts of nitrate-induced nit-i (1.5 ml) were placed in dialysis sacs and dialyzed against 1.5 ml of the 144,000 x g supernatant fluid of R. rubrum; A, with no additions; B, containing 0.5 mg of protease; and C, containing 1.0 mg of protease. The dialysis was performed at room temperature. Samples were removed from inside the dialysis sac at timed intervals and assayed for NADPH-nitrate reductase.
ported previously (8, 16, 23) 
